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INTRODUCTION
•
- -» -
There appeared recently in a leading technical journal an
article*"" in which the author, through a mathematical consideration,
arrives at the conclusion that for equal maximum induction the lift-
ing powers of single-phase, continuous, and three-phase current
magnets are in the proportion 1:2:5 respectively. Owing to
the constantly increasing use of alternating current systems for
power as well as for lighting, this conclusion, if true, is of re-
markable commercial importance. Already a successful duplication
of continuous current apparatus for other purposes than lifting
magnets has been achieved for alternating current use. Naturally
this condition creates a demand for an alternating current lifting
magnet that will operate with satisfactory efficiency, especially
as compared with that of the continuous current magnet.
The laws governing the pull, range, heating, efficiency,
etc., of continuous current electromagnets are now generally known,
so that their design is comparatively an easy matter. But in con-
sidering the case of the alternating current magnet not only must
the various general principles of the continuous current magnet be
followed, but there are many additional factors which change entire-
ly the characteristics. It is hoped in this paper to find a method
*"Calculation of Alternating Current Lifting Magnets". J. Liska.
Elek. Zeit., 29 Sept. 1910, p. 9#5.
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by which, having given the various conditions under which a lift
magnet is to be operated, it may be successfully designed for alter-
nating current use. In view of the fact that the problem is one
with many and uncertain variables, the aim is to reach some definite
conclusions that may be expressed in a general way, sufficiently
accurate and convenient for the designer, rather than with great
mathematical precision. If possible the above mentioned conclus-
ions regarding the relative pull of continuous current and single-
phase and three-phase currents will be verified by experimantal
means.
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THEORETICAL CONSIDERATION.
Symbols used throughout this discussion.
P = weight lifted, expressed in kg.
A = cross-sectional area of pole-face, in cm^.
n = number of turns in coil.
D = thickness of winding, in cm.
1 = length of coil, in cm.
C = mean circumference of one turn of winding, in cm.
S = area of cross-section of space between core and coil, in
om.
s = length of air-gap, in cm.
B = induction in one phase, in iron.
B 1 = induction, constant, between core and coil.
f = frequency, in cycles per second.
E* = applied potential, per phase.
E c = induced e.m.f., per phase.
r = resistance of winding,
^
per phase.
x B = reactance of air-gap, in ohms.
x = total leakage reactance, per phase.
I = current in coil, per phase.
Z = total impedance, per phase.

1 . Determination of the Expression for the Lifting Power,
When a current of electricity flows in a conductor the
energy of the induced magnetic field, expressed in the c.g.s. sys-
tem, is 41
w = J- / Bi.^r ( 1 )
in which B represents the induction, and the permeability of the
substance constituting the path of the flux, and T the entire space
through which the field extends.
If we consider the case represented by Figure 1 wherein
there is an iron core of known permeability
and an air-gap, it is evident that (1) may
be written
W = wair + Wiron
where £ is the length of the air-gap and
i_ is the length of the magnetic circuit in iron. If we put
ctr = dA'dl
where A is the area of cross-section and 1 is the length of the
magnetic circuit, then
W =
-^JjfB2dA-dl + ^lJ%2dF . dl { 3 )
We here regard as constant, since for iron it is very large in
comparison with what it is for air, and therefore
^i ron "becomes
B
Fig. I
• See Maxwell's "Treatise on Electricity and Magnetism" Vol.11, Art.
633.
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very small as compared with ^air «
If the length of the air-gap is varied the energy also
changes; and the mechanical force with which the poles- tend to ap-
proach each other is equal to the variation of the energy with re-
spect to the length of the gap, s .
= ' B
2dA = J- B2A dynes ( 4 )
07T 07T
if B is constant. Or
P = -J—.-L- .B2.A • 10~3 kg,
- 4.07 B2 *A •10-# kg. ( 5 )
This expression,which is true only when B is constant, is there-
fore the lifting power of direct current magnets.
If the ceils of the magnet be energized by a single-phase
current, B varies according to the sine law. The lifting power
for the time t is therefore
Pt = gr~r 2-B
2
.sin2a;t A ( 6 )
if B represents the effective value. Or,
Pt = £~pB2 .A.( 1 - cosc^t ) ( 7 )
that is, the lifting power varies with twice the frequency about
the mean value
# For the exact proof of this see F. Emde, "On the Calculation of
Electro-magnets'1
, Elektrotechnik u. Maschinenbau, 1906, S. 945.
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P = —1— B2 *A dynes
g 7T
Or P = 4.07 B2 »A«10~* kg. ( £ )
With a three-phase exciting current the three inductions
have for their three instantaneous values
V2 B Bin( u>t)
V2 B sin(a> t - 120°)
and V2 B sin(co t - 240°
)
where, as before, B represents the effective value. The lifting
power, on substituting these values in (4), becomes,
P = —L> 2B2 A [ sin2a>t + sin2 (tot - 120°) + sin2 (cot - 240°
g 7T L
( 9 )
This reduces to
1 p
P = gr-^r 3 B A dynes
= 12.21 B2 A 10"g kg. ( 10 )
That is, for a given value of B the lifting power is constant for
a three phase magnet.
If in these three expressions we substitute the maximum
value of the induction, which is the one most frequently considered,
the lifting powers for the single-phase, continuous current and
three-phase current become respectively
P., = 2.035 A 10"
S
kg. ( 11 )
P2 = 4.07 B
2
ax A
10"* kg. ( 12 )
P
3
= 6 * 1 Bmax A 10
~* kS* ( 15 )

_"7 _
I
Thus we Bee that for equal maximum induction the lifting powers
bear the relation of 1:2:3*
For the case of a two phase magnet* in which the impressed
e.m.f.'s are 90° apart, assume the instantaneous values of the in-
duction in the two coils to be B f and Bn . Each will be cyclic,
and we will have
B ' = K sin cot , where K is a constant
and B n = K sin(a>t + 90°)
= K COS co t
The total pull is proportional to
B t2 + B„2 _ K2 sin2Mt + K2cos2<<)t m K2
And we see that the pull is constant with time and equal to the
maximum value of either core.
5n a similar way it may be shown that for polyphase cur-
rents in general the lifting powers are constant with time, just
as for direct current. This can only be true, however, in a theo-
retical sense, wherein the resistance of the coil end the magnetic
leakage are zero. However, in the practical application these
two conditions are sufficiently realized when the armature has been
lifted, that is, when there is no appreciable air-gap, so that the
tractive force between armature and core is only slightly cyclic.
* D. L. Lindquist, Elec. World, Vol. XLVIII, 1906, p. 12S-130

o2. Decrease of Lifting Power Due to Leakage and Air Gap.
- # -
We shall now consider the effect upon the lifting power
produced by the introduction of an air-gap into the magnetic circuit.
Since the reluctance of air is high as compared with iron the re-
lative reluctance of the complete flux path increases very rapidly
at first as the gap widens.
Assume the reactance of the air-gap to be x s • This
will be in the same direction as the electromotive force of self-
induction, E, and will be equal to
v _ n „ 0.4 7r n2A „ -$ . const. , %xs = 2irf 10 ohms = n - ( 14 )
There is at the same time a leakage flvix, x, which gives a reactance
in phase with xs . It is made up of two parts, x* and x" , x* the
linked lines in the air space S between the core and coil and of
such value that
*• = arf | "
g
s io"g ( 15 )
where k, the reluctivity, is equal to unity. x* is constant for
a given value of E. The second part of x is
x" = 27rf °* 4 * p2 2. c 1C-S ( 16 )lk 3
and is the summation of the lines which are linked with the n
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turns of the winding. Thus we see from f15) and (16) that
( 17 )
* „ 0.4 7r , _ D_» ., ~&
x = x* + x" = 27rf —
-p
£
—
=
( s + J )
10
If we now add x B and x to r geometrically, as in
Figure 2 we get the total impedance Z of one phase. ©r,
Z = V r2 + ( x + xs )2 ( 1* )
Since x8 varies with change of air-gap,
s, Z will also be a function of s.
( See curve XV which was plotted between
Z and s after having applied a correc-
tion to x
s
as explained later.
)
If, when the armature is in
place against the poles, the air-gap were
actually zero, the reluctance of the mag-
netic circuit would be very small indeed,
and the counter electromotive force, E, would be very nearly equal
to the impressed electromotive force, E*. That is, there would be
only a slight drop of potential in the winding. In this case the
maximum induction is
»*
IG. 2.
B
E» • 10
o max ^ ir f n A
= const. • E
'
Therefore
P„ = const. • E' 2
( 19 )
( 20 )
However, in every case there remains an air-gap, which,
though short, has considerable reluctance, and (19) and (20) will
not be exact. But if we now put for the impressed electromotive
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force E* the value of the induced, E, the equations will again hold
for practical purposes. Then, for any air-gap, s, we may write
P s = const. 'E
2
( 21 )
From the relations
E = I«X«
and
we get
I
E *
Z v vz + ( x + x G )
z
~
E = E» -s
Z
and _ „ p
P n = const. *E»
2
(
*s
) ( 22 )8 Z
Since we have had above, equation (20),
= const.* E ,2
o
we thus see that the relation of the lifting power for any air-gap
s to that when it is zero is as follows:
£§L = ( £s)
2
( 23 )
P z
Equation (22) will give values of P that are too low
because xs is not exact. It will be larger if we correct it for
the spreading out of the flux in the air-gap.
We will assume that in the middle of the air-gap the dis-
tribution of the flux is uniform across the entire inner section,
A*, of the coil. We have already found the value of x*, the flux
between the core and the coil, and we hnow approximately the value
of xB , for the face A. Then the flux of the former path is so
related to that of the latter that
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where Ae is the effective polar area. Then it is evident that xs
must be increased by the amount —° and we have
A
*e cor = xs T
e
( 25 )
A
Putting this value in equation (1#) we get a greater impedance and
cos $; therefore, reduced current and pull.
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*
•
3« Application of Theory to Calculation of a Magnet.
- # -
Suppose we have given
E* - the applied p.d. per phase.
f = the frequency,
P = the weight to be lifted, in kg. , and
s = the distance through which it is to be pulled*
Let us calculate the required dimensions of a magnet for such ser-
vice. If we substitute in the equation
P
= 6 ' 1 Bmax A 10 kS-
wi© value oi -d v given oy
°max V? it f n A
if n£ \
( 26 )
where Ec , the induced e.m.f • per phase is
Ec = I-xs
and E t
+ ( x + xs )
L'
and xs is given by equation (14), we get
a(n2A)2 + b(n^A)2 + c = ( 27 )
where
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a = 61 .5*f2 *P- 1C- g
b = 15.7-x-f-s*P - 19.1*E*2 ( 2# )
and c = P«z2.s»1o£
Solving these equations gives (n2A) , which is the product of the
two factors most needed in designing the magnet. But from equation
(26) we see that
n A =
'
, K'l°
S
( 29 )VZ V T B Q max
Dividing the solution of (27) by (29) givos the desired quantity,
n. The value of A is then, of course, determined also, and the
problem is practically solved. There then remains merely the
determining of the size of the wire needed, and the amount of space
to be provided to contain the coils.
In this investigation we have neglected to consider the
effect of hysteresis and eddy current losses, temperature, the vi-
bration of the armature, etc., upon the amount of load lifted.
That they all decrease the effective pull is evident, but consider-
ing the fact that the iron used was good transformer iron, well
coated with shellac to prevent eddy currents, that the spool was
constructed in such a way as to prevent eddy currents in it, and
that the magnet was not kept in the circuit at any one time long
enough to cause rise of temperature above 50°C, it has been assumed
that these combined effects are negligible in comparison with those
discussed.
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PRELIMINARY EXPERIMENTS.
— 4> —
B-H Curve of Iron used in Core.
In order to have a definite idea concerning the
nature of the iron used in the magnetic path, a preliminary test
was made in which the B-H curve, number 1
,
page 19 , was found.
The customary ring method of determination was employed, that is,
Rowland's Ballistic Method, using direct current. This informa-
tion was of service further in making calculations for the theoret-
ical value of the lifting power of the direct current magnet. ( See
page 33.
)
The values of B thus derived do not agree exactly with
the values computed "by means of the equation"
P = 4.07«B2 'A«1crS
which, we have seen, represents the pull in terms of B and the
cross-sectional area, A . In other words the ordinatee of curve
Number 1 are too low in every case. A. Hoyt Taylor has shown"**
that this is due to a defect of the step by step method of deter-
mining the B-H curve, and suggests a way of finding it exactly.
» See page 5.
** Phys. Rev., Vol. XXIII, Aug. 1906. p. 95.
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This method, however, was not called to the notice of the author
until too late to employ it in thin work. It is possible that the
maximum induction is much higher, then, than 11,000 as given by
our curve. According to tables for transformer iron, saturation
is placed at about 20,000. The shape of curve Number 1 suggests
that the saturation point was almost reached, and consequently not
much dependence was placed on the accuracy of our curve, except for
information it gives by its form rather than by the numerical value
of the ordinate s.
Referring to curve Number 1 it will be seen that we have
at 4 amperes excitation $5*1% saturation, as given by the formula""
fo of saturation = ~
na
where ob is the intercept on the y-axis of a tangent at the point
a considered.
* H. S. Baker, Elec. World and Eng., Vol. XLVI, 1905, p. 1037.
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Data for Preliminary Experiment,
- # -
TX d d H B
0.09 3* 3* 1 .01 406
0.17 95 133 1 .904 1420
0.2? 6£ 201 2.464 2160
- ?£ 5£ 2 59 3. 136 2770
.43 12£ 3 £7 4.£16 41 40
0. so 41 42£ 5.600 45£o
0. 5£ 52 4£o 6.496 5130
0-71 67 547 7.952 5£70
.QO 77 624 10.0£0 66£o
1 .1£ £1 705 13.220 7540
1 .£0 +1 1 £ +^23 20. 160 £#20
3 . 30 + 122 +945 36.960 10130
1.£5 - 70 +#75 20.72 9350
1 . 1£ - 70 +£05 13.22 £630
0.91 41 +764 10.19 £l£o
0.71 50 714 7.952 7640
0. 5£ 43 671 6.496 71£0
0. SO 32 6 39 5.600 6£40
0.43 25 614 4.£16 65&0,
0.25 95 519 2.£00 5540
+0.1 £ 50 469 2.02 5020
+0.12 53 416 1 .41 4460
+0.07 63 +353 0.7^4 +37£0
0.00 1C7 +246 0.00 +2650
-0.07 1 1
1
+135 -0.7^4 +1 4-40
-0.15 140 - 5 -1 .570 - 54
0.20 1 1£ -123 2.240 -1 320
0.29 123 246 3.244 2630
0.43 154 400 4.£16 42#0
0.50 52 452 5.60 4£40
0.57 60 512 6.3^4 5400
0.71 77 5#9 7.952 6300
0.£2 49 63^ 9.1£4 6 £40
0.95 52 690 10.64 75£o
1 .20 70 760 13.46 £130
U*7 117 #77 20.95 9400
2.22 AO 917 24.26 9£30
2.7^ -45 960 31 .14 10270
3.70 -47 1007 41.44 107£o
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T a d H B
2 .77£-•11 +51 976 31.05 10430
2.20 +2g 94o 24.64 10 140
1 - 5g 49 g99 17.70 9650
1 - 1 g 47 g52 1 7 . 22 91 50
4Q g0 5 1 . 50 g 5g0
0.71 50 -753 7.952 go6o
0.5S 41 -712 6.496 7610
n ^o +52 -6gO 5.6 72g0
2 5 655 4.gl6 7000
0.25 1 14 541 2. 576 5goo
0.17 47 4-94 1 .904 5270
41 455 1 . 544 4g60
. 07 61 592 -0.7&4 41 90
0.00 + 1 04 0.00
+0.07 + 1 ig -16S +0.7^4 «=1 goo
0.12 105 + 65 1 .344 - 670
0.17 g9 + 26 1 .904 + 2g0
0.25 1 51 1 57 2, ^00 +16S0
.40 175 552 4.4g0 5 560
0.43 30 362 4.gl6 3g70
0.50 52 414 5. goo 4440
o.5g 61 475 6.496 50go
0.72 77 552 g.o64 5950j s ^w
0.91 #5 657 10.19 6g20
1 .22 90 727 13.66 77g0
1 .62 g1 gog 1 g. 1
5
g640
2. 50 +79 gg7 25.76 9 500
+92 979y 1 y 44.02 1 0440
2.27 -6 5 914 2 5.42 9770
1.6 5 -47 £67 1 g.4g 9270
1.21 51 £16 1 5. 56 g740
. QO 55 761 1 .02? gl 50
0.72 46 71 5 g.064 76 50
o.5g 41 674 6.496 7230
0.50 32 642 5. go 6ggo
0.43 25 617 4.gl6 6620
0.33 52 565 3.696 6050
0.23 57 50 g 2.576 5430
+0.15 5* 450 1.570 4g20
+0.0g 67 3^3 0.g96 41 10
0.00 132 251 0.000 26go
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I d a. H B
-0 .07 1 12 +1 ^ .724 +1410
1 16 + 17 1 . 7>24 + 1 20
0-17V • 1 f 22 - 71 1 . 004 - 760
1 00 -171— 1 / 1 P . R76
0.29 go 251 3.242 2720
0.43 155 406 4.216 4340
0. R0 ^1 4R7 5.6 422o
Rf?w • TO 6p CIOp 1 7 6.4Q6 RR60
0.71 76 7 .0RP 6 ^70
OPw . y c 62PD O £L 1 7 ^1 n/p 1 u
1 ^P on 77P 1 * 66
1 J • DO £pOil J>V
1 .60 74 1 7 . OP1 / yc. 0070
P P2 - 72/ QP4 P R R4*-P » P^- 700U
4 OP -101 1 OP R 4R .OP 1 0^70
p - p#C. * CO + 67 PR. R4<~P« P • 1 OP SO
1 . R7 + 62 200U ^7 \J 17.70 QRPO
1 PP 41 1 V 66
0.01 R3 706 10.10
0.72 49 747 2.064 2ooo
0.52 40 707 6.496 7560
0.50 31 676 5.6 7240
0.43 25 651 4.216 6960
0.29 72 579 3.244 6190
0.21 55 524 2.352 5620
0.14 55 469 1 .562 5020
0.10 33 436 1.12 4660
0.07 43 393 0.724 4220
0.00 105 222 0.00 3020
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DESCRIPTION OP APPARATUS.
CM
4 4-
The magneto used in this work were of the laminated core
type, the punchings being of the shape and dimensions shown in Fig-
ure 3, cut from transformer-iron stock 1/64" gauge. Before as-
sembling, each lamina was given a coat
of shellac; and after the assembled
core was riveted together all faces
were filed smooth.
For the single-phase magnet
two simple U-shaped cores were con-
structed, each 1" thick, of which the
outer sheets were of 1/16" stock to
give stiffness. With the open ends
of these placed together as in Figure 4 the completed core was ready
for the energizing coils, which were wound on slotted brass spools
Fig. 5.
of such size as would fit close-
ly on the long arms of the core,
allowing a few turns of oiled
linen between for insulation.
The coils, two in
number, were wound with 173
turns each of Number 14 copper
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magnet . wire. A terminal was brought out after the first 1 3 1 turns
for varying the current through the coils.
For the study of the properties of the magnet when ener-
gized with direct current the same core and coils were used. For
the three-phase current tests a three pole core was built up of the
same kind of laminations as before.
In order to procure the desired
shape it was necessary to cut one
punching of each layer into the form
shown in Figure 5» Then it is seen
that the part shown in Figure 6
could easily be built up, the dotted
line showing how the cut piece of Figure 5 was fitted to one of the
whole punchings. In alternate layers
J -? V
7
Fig. 5
the positions of these two parts, A
and B, Figure 6, were interchanged,
so that in the finished core the
whole mass was firmly interlaced and
rigid.
Two parts were constructed as above described and being
placed together as in Figure 7 formed the flux path for the three-
Fio. 6.
phase magnet. The two coils of the
previously described apparatus, to-
gether with a third which was made
in a similar manner, were used to
excite this core, being mounted as
indicated by dotted lines in Fig-
1J J
Fig. 7.
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ure 7. The source of energy was the three-phase end of a four
pole motor-generator set, rated to run at from 1200 to 18>00 R. P. M.
Energy for excitation with single-phase current was taken
from one phase of a two-phase, 110 volt, 60 cycle system. For
direct current tests energy was taken from storage batteries.
The general arrangement of the set-up is shown in Figure
g. Two 3" angle-irons were bolted in a horizontal position to the
flange of a vertical I-beam post, one on the level of the table
and the other some three feet above it. To the lower one the
frame of the magnet was bolted and to the upper one, the lever sys~
tern by which the pull was to be measured. This lever is shown in
detail in Figure 9 which is self explanitory.
"Air-gaps" of various dimensions were maintained by the
insertion of small plates of brass of suitable thickness. They
were of approximately the same size as the pole-face itself, and
were of the thicknesses shown in table I«

- 24 -
DESCRIPTION OF METHOD.
- * -
For the experiments using single-phase current the elec-
trical connections were made as shown diagrammatically in Figure 10$
the two coils, B and C, were connected in series. In the figure
wwwwvw
R
B C
Fig. 10.
A is an alternating current ammeter, 0-10 amperes, R is a non-in
ductive resistance for current regulation, and S is a double pole
switch.
The three coils, A, B, and C, of the three-phase magnet
were connected in Y, as shown by Figure 11. The current was fur-
nished by the motor-generator through the three-pole switch Sj an
ammeter M was placed in one phase only, since the three were well
balanced. At first an ammeter was placed in each phase, and the
three were balanced by adding a few turns to the coil through which
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Fig. li-
the largest current flowed. The increased inductance per phase
due to these extra turns is surprisingly noticeable, and but one or
two turns were necessary. The voltmeter, V, was arranged to show
the potential between one pair of mains when S waB open or closed,
and also the potential across one coil by connecting as shown by
the broken line.
The measurement of the attractive force of the poles was
an easy and comparatively exact process when continuous current ex-
citation was employed. The brass plate or plates giving the de-
sired amount of "air-gap" were inserted, the armature was lowered
into place, and the circuit was closed. After adjusting the re-
sistance in series with the coil until the desired amount of current
flowed, weights were placed on the opposite end of the lever until
the attractive force was overcome. The last few weights added
were of small denomination, so that a fairly high degree of accu-
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racy was obtained.
With the alternating current tests, however, the chatter-
ing of the cores due to any slight variation from perfect balance
of the three phases proved to be a source of difficulty in taking
readings. Although we have seen that the pull is constant with
time, yet it will be remembered that such is true only for perfect-
ly balanced, ideal systems. If there be a point in any cycle that
has a weaker or stronger pull than the average value, this irregu-
larity will be cyclic; and if it recurs at just the proper frequency
vibrations of such intensity may be set up in the system as will
overcome the attraction of the armature, letting it drop sooner
than it would were the irregularities not present.
The short arm of the beam used was weighted in order to
balance the weight of the long arm. Adjustment was so made that
the system, though rather heavy, would respond to the addition of
two grams on the long arm, the magnets not being excited.
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DISCUSSION OF RESULTS,
ma J"J. M
The results of this experiment apparently disprove the
original assumption that the lifting-power of single-phase, contin-
uous and three-phase current magnets are as 1:2:3* However
if we consider all modifying factors the results agree with the
•
theoretical conclusions sufficiently well to confirm their accuracy.
The most imnortant source of error in taking data was
the
that already mentioned on page 14, where values of B for^continuous
current magnet were in reality much higher than the values com-
puted. If an error is made in finding B the calculated value of
p
P will be quite noticeably in error since P varies as B • So that
when curves I, VI, and XI are compared, account must be taken of
the fact that the three are hot plotted under conditions of equal
maximum induction. If points are taken on these curves where Bmax
haa the same value for each, the pull for the three-phase electro-
magnet at once has a higher value than that of the single-phase or
continuous current magnet. But the ratio has not quite the value
of 3 i 1 i 2 respectively, owing to other conditions which will be
mentioned later.
If we apply formulae (&) and (19) we get
For 10 ampere 3 continuous current, BQ max = 22000 about.
For 10 amperes single-phase current, BQ mgtx = 15000, about.
For 10 amperes three-phase current, B raax = 10000, about.
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Referring again to Curves I, VI, and XI which show the pull obtain-
ed for the three by actual test, it is seen that for equal values
of effective current the continuous current gives the maximum pull.
This is exactly what should occur, considering the relative values
of B in the three cases.
The effect of heating, if it is not carried to a degree
that seriously affects the permeability of tlie iron or that is
sufficient to injure the insulation, is not so objectionable as
would at first be imagined. The resistance, r, increases with
the temperature, thus increasing the power factor ( See Figure 2,
page 9 )• The eddy currents decrease with rise of temperature,
and the current and total losses also.
2It is not the heating due to I R losses, however, that
concerns the designer. This can be obviated by simply using
larger wire. But the heating due to the hysteresis loss of the
core, since it varies as B * and as f2 , can be controlled prac-
tically only by using the proper value of B. Since the pull var-
pie3 as B , we should take B as high as possible, therefore, as is
compatible with cool operation.
It will be noticed from the curves which show the varia-
tion of pull with change of air-gap ( Curves IV, IX, and XII ) as
found for the three forms of current, that the range over which a
fairly high value of P is secured is greatest for three-phase ex-
citation. For certain uses this is an important property. Since
the leakage reactance decreases as the air-gap increases ( See curve
for xs cor , curve XV ) it is evident that with constant impressed
electromotive force there will be an increase of current, which
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results in the flattening of the pull-air-gap curve. In reality,
this reaches to a considerable value under favorable conditions;
and since the power factor increases also with air-gap the effect
is very desirable. After the load is lifted the reactance chokes
down the current to a quite low value, if the pole faces fit very
close together.
Curves IV and V show that the decrease of lifting power
of the continuous current magnet is very abrupt, when the air-gap
is introduced, even if it is only a few millimeters in length.
These curves, it will be noted, are steeper than the corresponding
ones for the three-phase current, even though the abscissae for the
continuous current curves have been multiplied. Curves IX and X
indicate that for single-phase currents a similar decrease occurs,
which, however, is not quite so abrupt as in the case of the con-
tinuous current.
Aside from the difficulty of getting exact values for B,
the most important cause of the variation of the ratio of the lift-
ing powers from that assumed, 1 : 2 : 3 » is the air-gap reactance.
This increases quite rapidly as the air-gap is reduced, causing a
simultaneous decrease in the power factor, cos $, ( Curve XV ).
It is evident that any cause which reduces the attractive force for
the three-phase or single-phase current electromagnet will, to some
extent affect the ratio of this force to the unvariable pull pro-
duced by a continuous current magnet.

- 30 -
SUMMARY.
The working out of the foregoing therefore shows that:-
1. ) The lifting powers, under equal maximum induction,
for single-phase, direct current, and three-phase current magnets,
vary as 1:2:3; but that for these relations to exist
2. ) The resistance of the winding must be very nearly zero
and the effects of hysteresis loss, leakage and reactance must be
negligible, for the alternating current magnets,
3. ) In practical operation, since the conditions as set
down in 2.) can never be fully realized, the pull of the three-
phase magnet, though greater than that of either the continuous
current or single-phase apparatus, will not be as much greater as
is claimed in the thoery of Li ska,
_ aw $ w m
This thesis was prepared under the direction of Professor
A. P, Carman, head of the Department of Physics, in the laboratory
of the University of Illinois,
The theory given is in large part taken from the various
references cited below.
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DATA.
- * -
Constants of Magnet Used,
A = 6. 45 cm, = cross-sectional area of one pole.
Mean length of magnetic circuit, with air-gap reduced to
minimum, 3#.£ cm.
Minimum length (average) of air-gap, 0.021 cm. (see curve XIV)
Total number of turns per phaBe, n = 1 73
•
Resistance of winding, per phase, R = 0.2135 ohms.
Frequency of three-phase current, f = 50.
Frequency of single-phase current, f = 60.
Thickness of plates used as air-gaps, Table !•
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Table
r la uv t>
]N O . 1 ri O • *i f» O •
U • cO Hull u • o j mm 1 £ 1
• u c
p#
• GO 6P
. PQ
OF?
• uu -6?
• 2g .64 .61
.29 .$3 <>?. .61
• 2g .61
.2g .*5 .61
.29 .£4 .61
0.2^3 0.247 1.613
"Air Gaps".
No. 4 No. 5 No. 6
2.3£ mm 4.75 mm 9.75 mm
. ^7 .7 "5 .77* / f
.37 .76 .63
.37 .75 .65
.37 .74 • 77
.37 .74 .54
.32 .74 .72
.37 • 74 .74
.3* .74 .60
.37 .74 .67
2.373 4.745 9.634
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CONTINUOUS CURRENT
.
Table II.
- * -
I = Attractive Force in Kg. for various Air-gaps end Currents
i
uurrent
in
Ampere
8
,02#3 cm .0566 cm .0&49 cm .1413 cm
0.5 23.2 ' - - -
1 .0 47.0 10.5 3.0 -
2.0 76.3 33.2 13.0 9.2 3.4
3.0 90.5 57.6 27.0 17.6 7.S
4.0 9#.3 73.3 42.4 29.6 13.6
5.0 107-7 .£4.7 53.4 42.4 19.4
6.0 112.1 92.1 66.-3 55.4 27.6
7.0 116.5 99.1 76.1 63.6 35.6
£.0 122.0 102.0 £3.1 72.2 45.
£
9.0 127.6 106.3 ^9.7 76.5 49.3
10.0 132.2 94.7 £0.1 55.
^
Table 111.
»« •» -
Attractivs Force in Kg. for various Air-gaps and Currents
.2179 cm .2939 cm .4552 cm .5331 cm .76 £4 cm
1.0 .5 .2S .16 .16 .12
2.0 1 .£ .96 .56 .52 • 2t
3.0 3.9 2.0# . 1.16 1 .00 .56
4.0 7.2 3.£o 2.12 1 .60 .92
5.0 1 1 .0 6.00 3.2# 2.4£ 1 .40
6.0 15.7 g.36 4.4S 3.56 2.04
7.0 20. g 11.44 6.20 4.62 2.72
£.0 25.
^
14. gfO 7.#0 6.2£ 3.56
9.0 32.0 1£.£0 9.76 7.60 4.40
c
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Tablo IV.
* -
I
Attractive Foroe in Kg. for various Air-gaps and Currents
0.9634 era 1.206 cm 1.63 cm
1 .0 .20 .16 .12
2.0 .36 .24 .16
3.0 .36 .26
4.0 .go .56 .33
5.0 1 .16 .30 .52
6.0 1 .56 1.12 .64
7.0 2.00 1 .43 .£4
3.0 2.60 1.34 1 .03
9.0 3.16 2.23 1 .23
10.0 3.33 2.76 1.56
Single-Phase 60 cycles.
- - * - -
Table V.
I
Attractive Force in Kg. for Air-gaps in cm.
s = .0233 .0566 .0349 .1413 .2139 .2939
1 .0 13.27 6.43 3.23 1.76 .96 ..43 .23
2.0 25.43 15.00 3.77 5.72 3.32 1 .23 1 .04
3.0 31 .02 23.21 15.30 11 .27 6.12 3.43 2.36
4.0 37.31 29.55 21 .43 16.20 10.77 5.92 4.00
5.0 40.53 33.66 27.43 22.23 14.95 3.36 5.63
6.0 44.26 33.27 31.02 25.25 16.60 10.37 7.63
7.0 50.50 40.53 35.74 31 .02 23.21 14.60 9.97
3.0 50.15 44.26 33.24 25.43 13.12 13.60
9.0 49.42 45.91 33.33 31 .22 29.44 19.55 14.49
10.0 46.30 29.74 25.76 19.10
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Table VI.
Attractive Force in Kg. for Air-gaps in cm.
I
s = .4552 • 5311 . .6924 .9654 1 .20 57 1 .6502
1 .20 .16 .12 .11 .05 .072
2 .52 .40 .36 .24 .16 .12
3 1 .16 .** .6$ .40 .25 .15
4 1 .96 1.52 1 .16 .64 .44 .25
5 3.00 2.36 1.76 1 .00 .66 .40
6 4.25 3.24 2.20 1 .40 .92 .56
7 5.60 4.44 2.96 1 .62 1-32 .76
5.60 5.65 3. 50 2.44 1.64 .96
9 6.56 2.92 2.04 1 .20
10 11.27 5.12 5.25 3.56 2.45 1.40
I
1
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THREE PHASE CURRENT EXCITATION - 50 CYCLES.
mm # »
In the next eight tables various values of e.ra.f . are
given which have the folllowing significance :
-
En = line voltage across one pair of mains, no current in
magnet, as read by voltmeter. See Figure 12.
E* = applied potential for one phase = E H/V3
E = voltage across one pair of mains, with magnet excited,
read by voltmeter.
Ev = voltage across one phase, read by voltmeter.
E n = voltage across one phase = E/V3
Fig. 12.
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Table VII.
Air-gap = 0.
Amp. E ? E JulITV Eo P in kg.
1 43.2 24.9 40.0 22.7 23. 1
1
21 . ££
2 62.5 36. 1 55.7 31 .5 32.
1
39.04
3 76.3 44.2 64.6 36.7 37.3 50.40
£4.5 4£.7 69.4 4o.o 40.2 57.
5 91 .3 52. £ 73.0 42.1 42.3 65.74
6 96.2 55.7 75.3 43.5 43.6 70.34
7 101.7 5S.6 77.7 45.2 44.9 73.14
tf 106.£ 61.7 £0.2 46.5 46.3 77.74
9 111.3 64.1 £1.£ 47.6 47.2 £5.74
10 116.0 66.9 £3.6 4£.7 /,«( -74S.3 86
.
94
Table
- -»
VIII.
Air-gap = .0566 cm.
Amp, E" E* E E„ P in kg.
1 24.4 14.1 20.0 12.0 1 1 .6 4.6
2 41 .6 24.2 34.2 19.5 19.7 12.0
3 59.3 34.3 47.3 27.1 27.3 21 .4
70.5 40.7 55.7 31 .7 32. 2&.0
5 ol .7 47.2 63.0 3d. 3 3d .4 34.4
6 ^9.7 51.
£
67.4 3^.7 3#.£ 42.4
7 96.0 55.4 70. £ 40.7 41 .5 44.2
g 101 .6 5#.6 73.2 42.5 42.6 51.0
9 107.3 61.
S
76.4 43.9 44.2 55.6
10 112.6 65.1 7#.£ 45.6 45.6 60.2
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Table IX.
- * -
Air-gap = .2179 cm.
Amp. E" s' E E EC P in
2 23.1 13.4 15.4 £.0 £.9 2.4
3 34.6 20.0 22.7 12.6 13.1 4.£
4 45.7 26.4 30.1 17.0 17.4 £.0
5 57.1 33.0 37.2 21 .3 21 .5 12.0
D o/o
7 76.0 43.9 49.4 2g.O 22.6 1S.4
3 £4.4 4£.£ 53.7 30.7 30.9 23.6
9 93.0 53.
£
59.3 33.7 34.3 26.4
10 100.2 57. 61.4 34.7 35.4 29.
£
Table X.
— .;«. mm
Air-gap = .5331- cm.
Amp. E» E E Ev EC P in
3 25.3 14.6 14.0 £.0 £.1 2.£
4 34.0 19.6 1S.0 10. 10.4 3.4
5 42.7 24.7 22. £ 13. 13.2 4.£
6 50.7 29.3 27.0 15.5 15.6 6.0
7 59.3 34.3 31.5 1S.0 1&.2 7.£
t 66.5 3#.4 35.3 20.1 20.4 9.2
9 74.6 43.1 39.7 22.7 22.
£
11 .6
10 £0.7 46.7 43.2 24. £ 24.9 14.0
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Table
Hi j|
XI.
Air-gap = .6924 cm.
Amp, E" s' Ey EC EC P in kg.
3 22.5 13.2 12.5 6. 7.4 1.65
4 31.4 15.2 15.5 5. 5.9 2.56
5 39.0 22.6 101 y . u 1 u . 10.9 3.32
6 46.3 26.5 22.7 13.0 13.2 4.25
7 54.0 31.2 26.4 15.3 15.3 5.60
5 61.6 35.6 17 ^ 17.4 6.55
9 65.4 39.6 in 2 19.3 5.40
1 r\
1 U /O • O 01 A. <=: i . f 1 u • *+u
ioDlo VTTAX X .
Air-gap = . 9654 cm.
Amp. En E« E Ev P in Kg.
3.3 222.7 13.2 10. 5. 5.5 1.56
4.5 31.5 15.4 13.5 7. 7.5 1 .92
5.0 34.7 20.0 15.0 5.5 5.7 2.16
6.0 41.6 24.0 17.5 10.2 10. 1 2.65
7.0 45.5 25.3 20.6 12.0 11.9 3.36
g.o 54.5 31.6 23.3 13.0 13.5 4.00
9.0 61.5 35.6 26.3 15.0 15.2 4.50
10.0 67.5 39.2 25.7 16.5 16.2 5.60
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Table XIII.
—
-JJ. M
Air-gap = 1
Amp. L E E Ev Ec r In Kg
j,4 25.0 1 7i ViI 4-. 9.5 5* 5*5 • oO
5 TO £32.6 IO.O 13*0 7. 7.5 1 . 20
6 39.5 22.2 15.5 2. 2.9 1.60
7 46.3 26.7 12.3 10. 10.6 2.40
53.2 30.7 20.7 12. 1 1 .9 3.00
9 52.7 33.9 23.0 13. 13.3 3.60
1 66 .0 32.2 25.2 1 4. 5 1 4.9 4.20
Table XIV.
Us
A.ir-gap - 1 • 00O2 cm.
Amp. ItE E* E E P m kg
•4 13.9 2. 4-. J, c .4-0
5 3 i • o 12.4 10.5 r-5. 6.1 .65
6 36.2 21.3 13. 7. 7.5 .96
7 42.2 24.7 15. 2. 2.7 1.32
$ 4^.7 22.2 17.0 9. 9.2 1.36
9 55.5 32.1 19.0 10.5 1 1 .0 1 .76
10 61.0 35.3 21 .5 12.0 12.4 2.16
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Table XV.
Calculated velues of P for various air-gaps, at various
values of applied electromotive force.
s in cm.
A ,x s oor\2
Ae Z
E*=10 20 30 40 50 60 70
0.0566 .712 4.57 12.2 41.4 73.4 114.7 105.5 225
0.2179 .691 4.42 17.6 39.7 70.6 111.3 15^.7 217
0.5331 .649 4.17 16.6 37.5 66.7 104.3 150.0 204
0.6924 .632 4.07 15.6 36.6 64.9 101 .4 146.1 19o
0.9624 .577 3.72 14.2 33.3 59.4 92.7 133.3 121
1 .2057 552 3.44 13.
#
31 .0 55.0 26.1 129.0 169
1 .6202 .422 3.15 12.6 22.3 50.4 7^.7 113.0 154
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Table XVI.
s = length of air-gap in cm.
x 3= reactance of air-gap.
Ae= effective area of pole face = A '
xb + x ' Ae
x s cor = corrected value of xs and is equal to xs ^
Z = V r^ + (x s oor + x)^ = the total impedance of one phase.
The last two columns are factors that occur frequently in the
calculations page
X8 Ae xs cor Z cos §
,
xs cor*2
a| z >
0.0223 27.05 2.9^6 37.24 37.93 .006 .995 .716
0.0566 13.52 2.974 12.72 12.27 .012 .991 .712
0.0249 9.02 2.965 12.55 12.64 .012 .927 .707
0. 1413 5.42 2.955 7.53 7.62 .030 .920 .701
0.2179 3.51 2.914 4.22 4.97 .046 .967 .691
0.2939 2.60 2.291 3.59 3.62 .063 .953 .621
0.4552 1.62 2.239 2.30 2.39 .096
•
.926 .663
0.5311 1 .44 2.212 1.97 2.07 .111 .906 .694
0.6924 1.11 $.75$ 1.51 1 .61 .143 .221 .632
0.9624 .79 $.665 1 .06 1.12 .195 .202 .577
1 .2057 .634 $.515 .243 O.960 .232 .770 .552
1 .6202 .455 2.443 .594 O.721 .319 .621 .422
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